Abstract. This paper presents a semirigid (SR) bonnet tool which has the advantages of high efficiency and determinacy for material removal on optical elements and also has the potential to be used on aspheric optics. It consists of three layers: a metal sheet, a rubber membrane, and a polishing pad, from inside to outside. It inherits the flexibility of a normal bonnet but has a higher stiffness. Finite element analysis was performed to determine that the stainless steel is the best-suited material for use as the metal sheet. An SR bonnet with a stainless-steel metal sheet was fabricated and tested. Its tool influence function (TIF) is Gaussian-like, and the TIF stability is more than 90%. The peak-to-valley of its uniform removal area is less than 0.1λ. Tool ripples are highly depressed and the surface profile is well preserved in the prepolishing test. In 12 min, ∼36 mm 3 of material is removed.
Highly efficient deterministic polishing using a semirigid bonnet 
Introduction
When used in an optical system, aspheric optics can increase the degrees-of-freedom (DOF) in a design, reduce the system's weight and size, and provide a significant advantage for correcting system aberrations. 1 When using traditional polishing methods, the production of aspherics, especially in the polishing stage, involves several challenges such as the mismatch between the tool-surface and the workpiece, the dependency on skilled workers, the unpredictability of removal, inefficiency, and so on. Therefore, various computer-controlled optical surfacing (CCOS) processes have been developed since the 1960s. [2] [3] [4] [5] [6] [7] Jones 8 successfully adopted a small-pitch-tool approach with their CCOS facility for large optics, but its removal efficiency remained low and there was an obvious edge effect. Kodak [9] [10] reported results on ion beam figuring (IBF) technology, which can achieve an extra-high-precision surface. However, it is well known that this technology's material removal efficiency is particularly low. Fluid jet polishing, which is similar to IBF, was developed by Fähnle et al. 11 In the 1990s, Kordonski et al. 12 proposed a magnetorheological finishing process, which demonstrates a high level of predictability but is not effective for removing mid-spatial frequency errors. A bonnet polishing technology adopting the precession movement (called "bonnet polishing" for brief) was developed by Zeeko Ltd. (Leicestershire, United Kingdom) in collaboration with the Optical Science Laboratory at the University College London and Loh Optikmaschinen. 13, 14 This technology uses a rotating inflated spherical membrane tool (the "bonnet"), which naturally molds itself to the local aspheric surface and maintains stability to provide natural smoothing. Compared to other polishing processes, the bonnet shows higher removal efficiency, excellent removal of mid-spatial frequencies, and the ability to control the mirror's edges. [15] [16] [17] [18] [19] A bonnet has thus been widely used for polishing optical lenses, especially aspherics, 20 molds, 21 freeform surfaces, 22 structured surfaces, 23 and so on. Bonnet polishing can deliver higher removal rates than the aforementioned polishing processes. Nevertheless, the rate is not sufficiently high for large parts or for parts with large form errors. When encountering large errors, the compliant bonnet would follow the surface down into the depression. Consequently, the grolishing process was developed, which is intermediate between grinding and polishing. 24 This process can make the surface converge rapidly with reasonable accuracy. But the surface after grolishing exhibits substantial subsurface damage, and the depth of this damage is close to or even deeper than that of the surface after precision grinding. 25 In addition, the grolishing process is unpredictable, and the manufacture of its tool is complicated.
The present work introduces a semirigid (SR) bonnet polishing tool, which is proven to have a far higher removal rate than the normal bonnet. Its removal function is nearGaussian and has excellent stability. Consequently, the SR bonnet polishing tool may offer an attractive solution for prepolishing large aspheric mirrors or mirrors with large form errors, and the tool also has the potential to perform corrective polishing.
Theoretical Background
Bonnet polishing is a newly developed type of subaperture polishing. The tool comprises a spinning inflated bulging rubber membrane with a spherical form. This tool is covered with a polishing cloth (often composed of polyurethane) and operates in the presence of a cerium oxide polishing slurry. The bonnet is brought into contact with the surface to be *Address all correspondence to: Wei Yang, E-mail: yangwei@xmu.edu.cn polished and then compresses to create a defined polishing spot. 13 The orientation of the tool-rotation axis can be controlled at a defined inclination angle with respect to the local normal surface over the entire work-piece. The tool axis is then processed in (typically four) discrete steps about the local-normal to the part's surface. This process generates an accumulated influence function which is near-Gaussian. 14 The material removal function DðrÞ for bonnet polishing is derived from the well-known Preston equation, expressed as
where k is the Preston constant, PðrÞ is the pressure distribution in the contact area, VðrÞ is the relative speed between the tool and the work-piece surface, and r is the radial distance from the center of the contact area. If k and VðrÞ remain unchanged, the form of DðrÞ is dominated by pressure distribution PðrÞ. A larger PðrÞ would deliver a deeper DðrÞ. Due to the flexibility of the rubber membrane, the tool can conform to the aspheric shape, but lacking intrinsic stiffness, the tool can only generate limited pressure. Consequently, changing the structure of the bonnet to achieve higher stiffness and maintain conformability to aspheric surface would be a reasonable means of realizing highly efficient polishing.
3 Design of the Tool
Structure of the SR Bonnet
A normal bonnet tool can easily conform to the aspheric or freeform surface, but its material removal rate is not that high due to low contact pressure. Also, the spherical tool contour turns into aspheric under the effect of regular inner pressure as shown in Fig. 1 . This makes it difficult to control the contact spot shape and make the tool setting process fussy.
To enhance the stiffness of the bonnet and maintain a certain flexibility, we embed a thin metal sheet-which has been shaped to fit the inner surface-into the rubber membrane. Figure 2 shows the structure of the SR bonnet. There are three layers stuck together, and from the bonnet's interior to its exterior, those layers are the following: the metal sheet, the rubber membrane, and the polishing pad. The metal sheet has high stiffness, but due to its thinness, the metal sheet is suitably flexible. Combined with the highly flexible rubber membrane, the metal sheet results in an SR bonnet tool.
Determination of the Metal Sheet Material Using the FEA Method
The metal sheet can be shaped from common metal materials, such as stainless steel, copper, aluminum, and so on. However, to perfect the SR bonnet, choosing the material that exhibits the best properties is critical. The mold to form the metal sheet is sufficiently expensive that it is unrealistic to make three different molds for the experiment to determine the best material. Therefore, the finite element analysis (FEA) method is adopted. Our purpose is to analyze the distribution and magnitude of the metal sheet pressure and deformation under the same inner pressure. A group of simulation experiments is conducted using three different materials as the metal sheet: stainless steel, copper, and aluminum. Li et al. 19 had built the FEA model for a normal bonnet polishing a Zerodur part, and they used this model to determine the pressure distribution in the contact area. To simplify the problem, the polishing pad is neglected in the model. 19 Hence, we also build a simulation model omitting the effect of the polishing pad. A BK7 part-whose size is 50 × 50 mm 2 and whose thickness is 5 mm-is used in the simulation. Table 1 lists the material properties for this model, and the simulation conditions are shown in Table 2 . Figure 3 shows the simulation model for the SR bonnet polishing the BK7 part. Figure 3 (a) is the model adopted to simulate the deformation under the effect of inner pressure. The top surface of the bonnet is constrained with zero displacement in all directions. The inner pressure and the symmetric constraint are also applied at the same spot as in the previous discussion. Figure 3 (b) is the model used to simulate the pressure distribution over the contact area. The spherical part of the bonnet tool is used to simplify the simulation model. Considering the model's symmetry, half of the model is adopted to enhance the solution's efficiency. All DOF for the work-piece's bottom surface are constrained with zero displacement. The top surface of the SR bonnet is Fig. 1 Schematic diagram of the effect of bonnet tool deformation to the contact spot. The initial bonnet tool has a spherical shape. Under the effect of the inner pressure, the bonnet contour deformed to aspheric shape as shown in the left part of the figure. Also, if the tool contour is spherical, the shape of the contact spot would be a standard circle. But due to the effect of the tool deformation, the contact spot shape becomes irregular. constrained with zero displacement along the x-axis and y-axis with a −1-mm displacement along the z-axis. The inner pressure is applied on the bonnet's inner surface. The symmetric constraint is applied on the symmetrical section. Figure 4 shows the simulation results for both the pressure distribution and the deformation of different SR bonnets. The deformation under the effect of the inner pressure of the SR bonnet with the stainless steel metal sheet is the smallest (17 μm), and it also can deliver the largest contact pressure (1.327 MPa) among all three materials. Additionally, there is a discontinuous pressure distribution along the contact area's edge when the metal sheet material is copper or aluminum as shown in Figs. 4(d) and 4(f). This discontinuity mainly results when the z-offset reaches 1 mm, and the SR bonnet with a copper or aluminum metal sheet experiences inward-concavity. Larger contact pressure could deliver a higher material removal rate, and the bonnet deformation under the effect of inner pressure is adverse for controlling the size of the contact spot as explained in Fig. 1 . Therefore, among all three materials, stainless steel is the superior metal sheet material.
To specifically analyze the contact pressure distribution, the contact pressure on the section line of each simulation result has been extracted and fitted using the following Gaussian-like equation:
where P is the contact pressure, P T is the maximum contact pressure, σ is the standard deviation, and ψ is the modification coefficient. The fitting results for different SR bonnets with different metal sheet materials are displayed in Fig. 5 . Note that the maximum contact pressure delivered by the SR bonnet is much larger than the R160 normal bonnet (mentioned in Fig. 7 in Sec. 3.3 of Ref. 19) , whose maximum contact pressure is 0.117 Mpa. Hence, the SR bonnet would generate higher material removal efficiency than the normal bonnet. Furthermore, the SR bonnet's deformation is much smaller than the normal bonnet's deformation, which is at the same level of polishing as the machine's accuracy, and thus the deformation error of the tool contour can be ignored during the polishing process, while the shape of the contact spot can be considered to be a standard circle. Therefore, the size of the contact spot can be accurately controlled by controlling the z-offset.
Determination of the Thickness of Stainless Steel Sheet
The designed thickness of the stainless steel sheet is crucial for the property of the SR bonnet. Therefore, we also conduct five groups of simulation experiments using five different thicknesses for the steel sheet, which are 0.1, 0.15, 0.2, 0.25, and 0.3 mm, respectively. The simulation conditions are the same as previously mentioned. Both the SR bonnet deformation under the effect of inner pressure is simulated using the model as shown in Fig. 3(a) and the bonnet The rubber layer's thickness is 3.5 mm, and the metal sheet is 0.2 mm in thickness.
b Z -offset is the displacement of the tool's nadir toward to the workpiece. tool compress to the work-piece is simulated adopting the model as shown in Fig. 3(b) . The simulation results have been shown in Fig. 6 . Figure 6 (a) shows the deformation of the SR bonnet tool under the effect of the inner pressure that varies with the thickness of the stainless steel sheet together with the maximum contact pressure curve. A thicker sheet will lead to a higher stiffness. This results in less deformation of the tool and a larger maximum contact pressure. The maximum von Mises stress of the tool during the tool compress to the workpiece surface is also extracted and compared to the yield limit stress of the stainless steel as shown in Fig. 6(b) . It is noted that when the thickness is 0.1 or 0.15 mm, the maximum von Mises stress is larger than the yield limit, which means that the stainless steel sheet of the SR bonnet will fail to return to Fig. 4 (a) Bonnet deformation when the metal sheet material is stainless steel, (b) contact pressure distribution when the metal sheet material is stainless steel, (c) bonnet deformation when the metal sheet material is copper, (d) contact pressure distribution when the metal sheet material is copper, (e) bonnet deformation when the metal sheet material is aluminum, and (f) contact pressure distribution when the metal sheet material is aluminum. * In order to see the deformation clearly, the deformation has been scaled 100 times. the original shape. Therefore, these two kinds of thicknesses are not appropriate. But when the thickness of this sheet is too large, the SR bonnet will lose flexibility. In order to maintain a certain flexibility of the SR bonnet, 0.2 mm is finally chosen as the thickness of the stainless steel sheet based on the analysis above.
Performance of the SR Bonnet Polishing Tool

Tool Influence Function (TIF) of the SR Bonnet Tool
Through the aforementioned analysis, we have chosen stainless steel with a thickness of 0.2 mm as the material of the metal sheet for the R80 SR bonnet. It has been manufactured as shown in Fig. 7 . Figure 8 displays the experimental prototype designed by our group to test the performance of the SR bonnet. As shown in Fig. 8 , the H-axis controls the tool rotation of the bonnet tool, the B-axis controls the angle between the tool rotation axis and the normal line of the polished surface, and the A-axis is designed to make the tool can implement precession motion. In order to observe both its TIF and its TIF stability, a group of experiments to extract four TIFs have been conducted. We use the R80 SR bonnet to polish a BK7 work-piece. The speeds of the H-axis and A-axis are 500 and 20 rpm, respectively. Cerium oxide slurry (whose weight percentage is 5.54%) is used in the experiment. The dwell time on each spot is 6 s. All other experimental conditions are identical to the conditions listed in Table 2 .
Results are presented in Fig. 9 . Figure 9 (a) shows one TIF of the SR bonnet tool. Its shape is the same as the normal bonnet's shape, which is also a Gaussian-like profile. 5 Figure 9(b) presents the material removal rate of the four TIFs. As shown in Fig. 9(a) , the maximum removal depth is 1.95λ (λ ¼ 632.8 nm) and the dwell time is only 6 s. In Fig. 9(b) , the time between each sample is ∼15 min, and the removal rate stability is more than 90%.
In addition, a series of polishing spots with different contact sizes have also been generated on a BK7 part. The extracted spot contours have been demonstrated in Fig. 10 . Figure 10(a) shows the extracted contour of six different polishing spots. Their diameters are 14, 20, 25, 28, 30, and 36 mm, respectively. Figure 10(b) shows the section contour of these spots. It turns out that a "W" shape of TIF comes out when the diameter of the spot is over 25 mm. This performance is just like the normal bonnet 27 and the size of the spot could not exceed the certain limit.
Uniform Removal Test
The previous section has demonstrated the SR bonnet's TIF stability. However, stability during the polishing process must also be tested before this tool is put into production. Hence, a uniform removal test of the SR bonnet on the BK7 work-piece has also been conducted. This test is carried out on a plane Φ 120-mm BK7 glass whose surface has been polished to 0.18λ peak-to-valley (p-to-v). In order to leave unpolished surfaces from which an absolute removal depth could be established, a Φ 80-mm subarea of the part was polished. The Z-shaped raster path is used, and the polishing cycle has been executed four times with the precession angle orientated in four polar directions along Feed speed (mm/min) 600
Inner pressure (Mpa) 0.25
Polishing time (min) 4 each cycle Slurry weight percentage (%) 1.8 Fig. 11 (a) The whole surface contour after uniform removal polishing and (b) the surface roughness measuring result.
Optical Engineering 095102-6 September 2014 • Vol. 53 (9) the local normal (0, 90, 180, and 270 deg). 5 The raster distance is 1.5 mm. Table 3 shows the other experimental conditions.
The experimental results are presented in Fig. 11 . Figure 11(a) shows the whole surface contour after uniform removal polishing using the R80 SR bonnet, as measured using QED SSI™. The result demonstrates high uniformity, and the p-to-v of the uniform removal area is less than 0.1λ. Figure 11(b) shows the surface roughness result measured using Zygo (Middlefield, Connecticut) NewView 7200. Its Ra is only 2.09 nm after one cycle of the uniform removal process.
Prepolishing Test
This process is intended to remove surface and subsurface damage on a part from a precision grinding machine and also to preserve the profile. Typically, material must be removed to a depth of tens of microns. Therefore, a polishing tool with a high removal rate is urgently needed for this process.
The prepolishing test of the SR bonnet has been performed on a BK7 glass. To leave an unpolished region for defining absolute removal, a 60 × 60-mm 2 area out of a 100 × 100-mm 2 surface is polished. A Z-shaped raster path is also adopted, and the precession angle is again orientated in four directions during the entire process. The weight percentage of the cerium oxide in the slurry is 3.04%, and the H-axis speed is 750 rpm. Other process conditions are identical to the conditions shown in Table 3 . The total prepolishing time is 12 min. Figure 12 (a) shows the initial surface profile after removal from the grinding machine (whose p-to-v is ∼3.5 μm), on which obvious tool ripples exist. The profile after the prepolishing process is shown in Fig. 12(b) . In 12 min, ∼36 mm 3 of material are removed and tool ripples are highly depressed.
Discussion
The property of the SR bonnet polishing plane optics has been demonstrated above. The average material removal rate of an R80 SR bonnet reaches 3.002 mm 3 ∕ min as shown in Fig. 9(b) , which is much higher than the rate of the normal bonnet. 27, 28 Its high removal rate also can be found in the prepolishing test result, in which ∼36 mm 3 of material are removed in 12 min. Therefore, the SR bonnet can be adapted to execute a high efficiency polishing.
It is noted in the results of the TIF test and uniform removal test that the stability of the SR bonnet's material removal is quite high both for the TIF itself and during the polishing process. Its TIF is also a Gaussian-like shape and is quite deterministic, which is the same as the Fig. 12 (a) Profilometry of the part directly off the grinder measured using PGI 1250S Form Talysurf™ and (b) form measured after 12-min prepolish using the R80 SR bonnet.
Optical Engineering 095102-7 September 2014 • Vol. 53 (9) normal bonnet. Also, the surface texture of the BK7 material after one cycle of the polishing process can reach Ra ¼ 2.09 nm, which is close to the surface texture the normal bonnet can implement (The surface texture of BK7 polished using a normal bonnet can reach Ra ¼ 2.4 nm with little difficulty, and the best Ra achieved to date is 0.5 nm.). 13, 14 This experiment was conducted on an experimental prototype with a low accuracy, and a coarse polishing slurry was used whose size is ∼3 μm. With this in mind, it is believed that the smoothing property of the SR bonnet would be closer to the normal bonnet when these factors are improved. Hence, we deduce that the SR bonnet may have the potential to be used in corrective polishing. The corrective algorithm has not been integrated to the prototype system yet. Therefore, the corrective polishing process using the SR bonnet will be reported in a standalone paper in the future.
The normal bonnet's flexibility is quite high, which makes it conform to an aspheric or freeform surface well, but it cannot be used to diminish the tool ripple left by a grinding machine. As shown in Fig. 12 , the tool ripple is highly depressed from p-to-v ∼1.035 to ∼0.315 μm with just over one pass of prepolishing and the total profile is well preserved. Combined with its high material removal efficiency, it makes the SR bonnet an attractive solution for prepolishing large mirrors or mirrors with large form errors.
As demonstrated above, all the experiments are implemented on a plane surface and the experiment on the aspheric surface, limited by some objective factors, has not been done. Also, it is found that the removal rate decreases slightly over time which may be induced by the decrease of slurry weight percentage in the prototype. These problems will be handled when the machine tool is manufactured after a few months. Then, the experiments of the SR bonnet on an aspheric surface will be done. However, from the results above, the SR bonnet still has a certain flexibility which makes the contact spot a standard circle rather than a point. It also can deliver different sizes of tool spots, which indicates that it has a certain flexibility. It still can conform to the aspheric surface, at least for a low gradient aspheric surface. This will be further proved in future papers. Table 4 demonstrates the general comparison between different subaperture polishing tool types. However, we have to acknowledge that some characteristics may not agree with this general comparison for a specific tool. Compared to these tool types, the SR bonnet inherits many advantages of the normal bonnet and also possesses a high removal rate. Hence, it has the potential to be an attractive polishing tool to enhance the efficiency when polishing large size optical mirrors.
Conclusion
The SR bonnet tool-a novel loose abrasive highly efficient deterministic polishing tool for optical elements-is presented in this paper. It inherits the advantages of the normal bonnet, which means it not only has a certain flexibility, but also has a quite high stiffness. It can be used in the same way as the normal bonnet. Like the normal bonnet, the SR bonnet's TIF is also Gaussian-like and has a much higher material removal rate. The uniform removal test of the SR bonnet demonstrates a quite high uniformity of removal. Its ability to generate both TIFs with excellent uniformity and a high-accuracy surface texture indicates that it can be used both in fine polishing and corrective polishing. In the prepolishing test, the SR bonnet again demonstrates high-efficiency material removal, and it will be an attractive solution for the prepolishing process on optical elements, especially for large-sized ones. Considering its flexibility, it also has potential to be used in polishing aspheric surfaces and this will be demonstrated in future reports.
